Three coatings of decorative chromium, hard chromium, and zinc electrolytically deposited on the C45 steel substrate are considered. The experimental characterization of the tribological response of the substrate and different coatings against a spherical 100Cr6 counterbody is developed with the help of a linear reciprocating tribometer. The results show that the indicated three coatings have similar values for the stabilized friction coefficient that remains much higher than the value of the friction coefficient for the substrate. The decorative chromium coating has the lowest wear resistance. A better wear resistance is obtained for the zinc coating. The first place in terms of the wear resistance is occupied by the hard chromium coating and the uncoated substrate which have a similar resistance.
The term "surface treatments" includes all operations: mechanical, chemical, electrochemical or physical that affect the appearance or structure of the material surface to satisfy the operating conditions. The procedures of surface treatment are variable and can improve the optical properties or appearance, resistance to wet or dry corrosion, thermal or electrical conductivity, response to friction, and wear resistance. The procedures of application of chromium, zinc, or aluminum coatings are now extensively used in many industrial and domestic sectors. Treated surfaces may be the sites of the phenomena of friction and wear in the case where they are in contact with rigid counterbodies. This may cause local fracture of the coating and, therefore, the activation of corrosion phenomena. The response of tribological chromium coatings electrodeposited on a mild steel substrate was studied in [1] . The authors showed that the coatings have better wear resistance than the uncoated substrate. The wear behavior of electrolytic hard chromium (EHC) and arc PVD CrN coatings under the conditions of lubrication was investigated in [2] and the researchers concluded that the friction coefficient of EHC is higher than the friction coefficient of CrN but the wear resistance of EHC is lower than the wear resistance of CrN. The tribological behavior of EHC coatings sliding against ceramic and steel counterparts was investigated in [3] . They showed that, in the case of steel ball as a counterbody, the wear mechanism of EHC could be split into three stages: adhesion and formation of debris; formation of abrasive particles and abrasive wear, and the predominance of abrasive wear. Other researchers investigated the mechanical and tribological properties of EHC and HVOF (High Velocity Oxy-Fuel) to prove that EHC cannot form smooth tribofilms [4] . Under high contact pressures, these films are easily fractured and partly removed. Therefore, the EHC coatings suffer higher mass losses and have higher friction coefficient than the HVOF-sprayed coatings under the same conditions. Some other researchers have studied the friction response of electrodeposited zinc and zinc-with-ash coatings deposited on the mild steel substrate [5] . They showed that the zinc coating has the friction coefficient higher than the friction coefficient of the steel substrate, while the zinc coating with ash has the friction coefficient lower than the friction coefficient of the steel substrate. The authors of another paper have studied the sliding-wear behavior of zinc and Zn-Co alloy electrodeposits and made a conclusion that the friction coefficient of zinc is higher than the friction coefficient of Zn-0.6% Co and Zn-4% Co but the wear rate is lower for zinc than for the indicated alloys [6] . They also concluded that the wear mechanism was found to have plastic deformation and shear of the surface layers of the coatings. Some other researches studied the response of electrolytically deposited pure zinc and zinc-iron alloys to friction and wear [7] . They concluded that the friction coefficient of pure zinc against a stainless-steel ball 5.5 mm in diameter with 900 H v is higher than the friction coefficient of the other zinc-iron alloys and that pure zinc has the highest volume wear rate.
The aim of the present work is to characterize the tribologic response of three electrodeposited coatings: decorative chromium, hard chromium, and zinc deposited on the C45 steel substrate. Cyclic friction tests against a rigid counterbody were carried out for three types of coatings and the results are compared and analyzed in terms of the response to friction and wear.
Materials and Methods
Cylindrical substrates 20 mm in diameter and 15 mm in height were cut out from a bar of C45 carbon steel. The mechanical polishing with sand paper 200 and 400 in size was applied to the two flat surfaces of each substrate. The arithmetic mean roughness of the substrate after polishing was measured with an "SJ-210" profilometer and the obtained mean value was R a = 1.1 µm. Decorative chromium and zinc plating was carried out in the industrial companies specialized in this field, while the hard chromium plating was done in our laboratory. For each of these three types of coatings, the thicknesses were measured by the eddy-current technique by using a modular type Elcometer-355 Top. In Table 1 , we give the mean values of the measured thicknesses. In the same table, the arithmetic mean roughness of different coatings is presented. A microdurometer of "402 MVD" type was used to characterize the hardness of the substrate and the deposited coatings. The tests were performed by using a diamond indenter in the form of a square pyramid with an angle between the edges ′ α = 148°. The load P applied to the substrate is equal to 1000 g, for the hard chromium coating, it is 100 g, and for the decorative chromium and zinc coatings, it is equal to 50 g. For each test, the hardness H v and penetration h of the indenter are found from the measured value of the diagonal footprint D by using the following expression [8] : In the present work, to characterize the tribologic response of the coatings and substrate, we use a linear alternating-motion tribometer. This device allows us to put the coating surface in contact with a 100Cr6 ball (counterbody; 40 mm in diameter) under an applied normal force F n . The coated substrate was then driven into the alternating translational motion produced by the combination of a gear motor and a rod/crank system. A force sensor was used to measure the tangential force and the data acquisition system allowed us to perform the continuous recording of this effort. The tests were carried out at a frequency of 1 Hz, for an amplitude of ± 7.5 mm, the maximum number of cycles equal to 800, and two values of the applied normal force: 57 N and 81.2 N. For each coating and each value of the normal force, we performed at least three tests.
At the end of each friction test, the data processing could be traced back to changes in the evolution of the friction coefficient with the number of cycles. For the analysis of damage, the degree of wear on the coating surface was inspected with an optical microscope. We used a LEICA DMILM-type optical microscope equipped with a digital camera and guaranteeing a maximum magnification of 500x. The topographic signs of wear on different coatings were also established by using the "SJ-210" profilometer. These results were used to trace the maximum penetration of wear.
Results and Discussion
Microhardness. The results of microhardness tests are presented in Table 2 . We also conclude that the hardness of hard chromium is much higher than the hardness of the substrate. However, the decorative chrome plating and zinc represent the levels of hardness which remain lower than the hardness of the substrate.
Response to Friction. In Fig. 1 , we show the typical curves of evolution of the friction coefficient µ with the number of cycles in the case of the uncoated substrate and for the two considered normal forces. It appears that the friction coefficient rapidly grows with the number of cycles at the beginning of the tests and stabilizes after 200 cycles. For both considered values of the applied normal force, Fig. 2 shows the friction coefficient after 800 cycles for the uncoated substrate and different coatings. The uncoated substrate has the lowest friction coefficient. It has the order of 0.65. This value remains unchanged for both considered normal forces. We also observe that the three coatings exhibit similar values of the friction coefficient. These values reveal a significant increase with the applied normal force (from about 0.7 to 0.9).
First, for each of the three coatings, we conclude that the penetration h is much less than the thickness. The measured value of hardness mostly characterizes the coating but not the substrate.
Response to Wear. Microscopic observations of the wear tracks on the uncoated substrate and different coatings shows that several different wear mechanisms are activated. For the uncoated substrate, intense plowing is located on the edges of the track, while inside the track, there is a site of plastic deformation with production of the oxide layers. The same phenomena were observed for decorative chromium coatings (Figs. 3a, b) and zinc. However, the morphology of the domed surface of hard-chromium coating leads to a particular wear mechanism. For this coating, the domes are clipped, while wear debris is trapped in the valleys (Figs. 3c, d) .
To compare the severity of wear between coatings and uncoated substrate, we evaluated the maximum penetration of wear (after 800 cycles). This penetration was measured for the topographical signs of wear. In Fig. 4 , we show an example of the topographic traces of wear (depth d and width l ) on the decorative chrome plating for both considered values of the applied normal force. Figure 5 synthesizes the determined values of the maximum depth d max of the wear track for the uncoated substrate and different coatings. It follows that the measured penetration of wear is similar for the uncoated substrate and the coating of hard chromium. The indicated surfaces have the least penetration of wear and, hence, the best wear resistance. The second place in terms of wear resistance is occupied by the zinc coating, while the coating of decorative chromium has the lowest wear resistance. Moreover, the experience shows that, for all surfaces investigated in this study, the increase in the applied normal forces leads to the increase in the penetration of wear.
CONCLUSIONS
The experimental study performed in the present work shows that the uncoated substrate presents the lowest value of the friction coefficient. The hard chromium coating and the uncoated substrate are comparable in terms of wear resistance, while the lowest wear resistance is obtained for the coating of decorative chromium. It is also shown that the increase in the imposed normal force, even if it is not sufficiently large, causes a significant increase in the maximum depth of the wear track. The main wear mechanism of zinc and decorative-chromium coatings was described as severe shearing of the surface layers of the coating mainly due to the plowing action of the steel ball. However, for the hard chromium, the wear mechanism seems to be abrasive, the domes are clipped, and debris is trapped in the valleys.
